ABSTRACT
INTRODUCTION
`Systems analysis´ of biochemical networks using isotopomer-distribution data encounters many problems, not only experimental, but also theoretical. In our previous publication (Selivanov et al., 2004 ) the problem of computation time for automatic construction and solving of huge systems of ordinary differential equations (ODEs) was addressed, when each metabolite consisting of n carbon atoms is represented by 2 n 13 C carbon isotopomers. The previously presented method was faster than that of `isotopomer-mapping matrices` (Schmidt et al, 1997) and in fact addressed the problem of stiffness of the resulting ODEs.
Another problem of metabolic flux analysis is reliability of the obtained set of fluxes and the main objective of the present work was to address it. Cellular metabolism of 13 C labeled substrates introduces 13 C into many metabolic intermediates which can be detected and quantified by NMR as distribution of individual isotopomers or by gas chromatography/mass spectrometry (GC/MS) as distribution of mass isotopomers. This distribution reflects respective metabolic fluxes, however the obtained pattern in a particular experiment is often insufficient for reconstruction the profile of metabolic
fluxes. The present work shows that without additional information analysis of the isotopomer distribution evaluates large range of estimated fluxes compatible with a specific isotopomer pattern. Implementing the detailed kinetic mechanisms of transketolase (TK, EC 2.2.1.1) and transaldolase (TA, EC 2.2.1.2) provides additional information to restricting the range of flux profiles by the ones that are compatible not only with a given isotopomer pattern, but also with the data of previous biochemical studies. Vice versa, using the classical information makes available its validation for in vivo conditions of the label-distribution experiments.
TK and TA mediate multiple isotope-exchange reactions, which despite contributing to the isotopomer patterns, in the past have largely been ignored in metabolic flux analysis; exceptions are the works of Berthon et al. (1993) and van Winden et al. (2001) . TK is a thiamine diphosphate (ThDP)-dependent enzyme that catalyzes cleavage of a carbon-carbon bond and reversibly transfers a two-carbon fragment (glycolaldehyde) from a ketose-phosphate donor to an aldose-phosphate acceptor. TA catalysis operates by a slightly different mechanism, involving a Schiff base formed directly between the enzyme and the substrate, and a three-carbon fragment (dihydroxyacetone) is transferred from a ketose-phosphate donor to an aldose-phosphate acceptor.
Reversible scission and reformation of the same sugar phosphate via TK or TA brings about isotope exchange without net formation of a particular sugar phosphate; these isotopomer exchange reactions are listed in Table 1 . Since these reactions lead to the redistribution of labeled atoms, omitting them from a simulation scheme would result in the incorrect estimation of all fluxes in the network. In our previously developed software this isotope exchange was independent, as currently is commonly accepted in flux analysis (e.g., Wiechert and de Graaf, 1996) . In this way it increased the number of kinetic parameters thus magnifying the problem of ambiguity of estimates that were consistent with the experimental isotopomer distributions. As is shown here, using the general information on the reaction mechanism restricts the space of possible solutions.
This constitues the first step in developing learning software that will analyse new experiments using previously accumulated data and models.
The new software was used to estimate fluxes in glucose metabolism in HT29 cells that were incubated with [1,2-13 C]D-glucose; the cells were studied in the absence and presence of oxythiamine, an irreversible inhibitor of TK. As it was found experimentally, cell proliferation is highly dependent on TK activity (Comin-Anduix et al, 2001) ; since the activity of this enzyme is commonly accepted to be associated with central metabolism, the objective of the present example of software application was to reveal the changes in metabolic profile of central metabolism induced by TK inhibition by incubating HT29 cancer cells with oxythiamine (OT). This study was assumed to establish the link between TK inhibition and cell proliferation.
SYSTEMS AND METHODS
The six-step sequential-BiBi kinetic mechanisms of the TK and TA reactions, expressed through the unitary rate constants using the method of King and Altman (e.g., Mulquiney and Kuchel, 2003; Cornish-Bowden, 2004 ) was integrated in the software for the analysis of isotopomer distributions of the metabolites of the glycolytic and pentose phosphate pathways. Two versions of the software were developed. One is based as before on Mathematica with a program written in C linked to it; this link enables high-speed calculations, further optimized and reprogrammed in assembly language. The second program was written entirely in C++ with some parts in assembly language. This program is presented as Windows-and also console application with explicit-dialogue capability; it solves the differential equations for overall metabolite concentrations using the C++ class library "ODE++" of Milde (2005) using a series of Runge-Kutta and backward difference methods, and calculates isotopomer concentrations using the same algorithms as the Mathematica program 1 . The procedure for parameter optimization adapted to the present analysis and estimation of the confidence intervals was based on χ 2 minimization using coordinate descent.
ALGORITHM
Only the enhancements relating to the main objective, integration of kinetic modeling with isotopomer analysis, are given here. A detailed description of the numerical algorithm for isotopomer distribution analysis has already been presented (Selivanov et al. , 2004) .
Overall concentrations and fluxes. The total concentration of each metabolite is given by the solution of the ODEs that relate to the scheme presented in Figure 1 , where the rate of change of each concentration is described as the sum of production rate of the given substance minus the rates of its consumption. The reaction rates are described mainly as the Michaelis-Menten equations, with the exception of the TK reactions 13-15 and TA reaction 16. Theses were described according to the reaction mechanism, shown in the Figure 2A , through the unitary rate constants, denoted as v i and expressed according to the law of mass action as a product of the constant k i , the respective enzyme species, and the substrate, where applicable, viz., v 1 = k 1 × E × c 1 . The overall reaction flux was described as the difference between the forward and reverse unitary rates for the same reaction step (v f -v r ), which is the same for all of the six steps shown in the scheme (viz.,
assuming that the enzyme is always under the condition of a quasi steadystate. Expressions for the unitary rates requires a description of the concentrations of particular enzyme species, which are the product of the total enzyme concentration (e 0 ) and the fraction of the species. The fraction was expressed through the unitary rate constants by using the method of King and Altman (e.g., Cornish-Bowden, 2004;  implemented in Mathematica in Mulquiney and Kuchel, 2003) .
For example, the fraction of the total enzyme that is Ec 1 is given by
where D Ec1 is the tree of the Ec 1 -node:
and Σ is the sum of the trees, constructed analogously to D Ec1 , for all intermediate species.
Numerical solving of the relevant ODEs (presented as function "SS" in the file "ribot.nb") gives time courses of relaxation from initial values to a steady state for the metabolites and fluxes. The overall steady state values that were attained then allowed the automatic formulation of a huge system of differential equations for all the isotopomers (as was described in our previous work (Selivanov et al, 2004) ).
Isotope-exchange fluxes for isotopomer analysis. The ODEs for isotopomers contain similar flux terms as the respective equations for overall concentrations; the fluxes at this step correspond to influxes and effluxes from separate isotopomers. Moreover, these equations account separately for forward and reverse fluxes and isotope exchange, which does not lead to the change of overall concentrations (Table 1) . Overall values of these fluxes are described next.
As could be deduced from the reaction scheme for TK (Figure 2A ), the enzyme catalyses two types of fluxes that differently contribute to isotope exchange. First, forward flux of the last n-2 atoms of substrates (ketose; denoted c for Spanish `cetosa`) c 1 to (aldose) a 1 (e.g., Xul5P → GraP) implies delivering the atoms through the three steps (c 1 + E → Ec 1 → EGa 1 → EG + a 1 ). The intermediates Ec 1 and EGa 1 contain aldose fragments derived from two sources, c 1 and a 1 . Quantification of the unidirectional steady-state flux of c 1 into a 1 via Ec 1 and EGa 1 requires the determination of the origin of transferred fragments in these two populations of enzyme complex. These fractions are fundamentally determined by the relative values of the respective unitary rates (described above).
Specifically, the rate of delivery of c 1 atoms into a 1 is a part of the rate v 3 ; it is proportional to the concentration of c 1 atoms in EGa 1 . The proportionality constant or fraction is denoted by P ca EGa1 , where the superscript ca denotes the ketose-to-aldose reaction direction. In turn, P ca EGa1 depends on the fraction of c 1 atoms in Ec 1 , that partly consists also of a 1 atoms that enter via the reactions whose rates are v -2 and v -3 ; thus it is expressed as a ratio of the input of the donor atoms from Ec 1 (P ca Ec1 ) to the total input to EGa 1 :
The proportion of atoms in Ec 1 that originated from c 1 (P ca Ec1 ) in turn is given by the ratio of influx of this kind of atom to the total influx into the compound Ec 1 at steady state:
Solving Eqs 1 and 2 yields the expression:
The flux of c 1 atoms into a 1 , v if , where the subscript if denotes the ``invisible forward`` reaction, whose rate is given by
Equation 6 gives the rate of forward delivery of the last n-2 atoms in c 1 to a 1 , expressed by using the unitary rates. Since these atoms can originate only from either c 1 or a 1 , the fraction of atoms originating from a 1 is expressed as P ac Ec1 = 1 -P ca Ec1 . Therefore the reverse flux of the last n -2 atoms of the aldose (a 1 ) to the ketose (c 1 ) can be described similarly to Eq. 6 as
The exchange of atoms between c 2 and a 2 was simulated analogously.
Second, forward flux (v f ) of the first two atoms of c 1 to a second ketose/donor, c 2 , implies delivering the atoms through six steps (c 1 → Ec 1 → EGa 1 → EG → EGa 2 → Ec 2 → c 2 ). This is a part of the rate of c 2 production (v 6 ) and it is proportional to the fraction of c 1 in Ec 2 , namely P c1 Ec2 , where the superscript c1 denotes its origin from c1. This proportion is determined similarly to that described above, by solving the five equations for the fractions of atoms that originated from c 1 in all the species (analogously to the Eqns 3 and 4).
The reverse flux (v r ) of the first two atoms of c 2 to c 1 was simulated similarly. The details of these calculations are given in the Mathematica notebook "TK-scheme.nb" on our web site.
Since the main objective of the present work was to implement kinetic information (both from models and experiments) in isotopomer analysis, an example of experiments that can decrease the number of unknown parameters is described next.
Estimating values of unitary rate constants
The ratio of unitary rate constants in TK (k 2 /k -2 or k -5 /k 5 ) can be measured by using circular dichroism (CD) spectra of mixtures of the enzyme and substrate (for experimental details see the caption of Figure 2 ). Specifically, Curve 1 in Figure 2B characterizes the negative band in the wavelength range 300-380 nm in the spectrum of the protein without bound substrates (E in Figure 2A ). This band is sensitive to the presence of bound donor substrates (Heinrich et al., 1971; Kochetov et al., 1973 Kochetov et al., , 1982 and Curve 2 characterizes the spectrum of EG, that is the only enzyme form that exists under conditions when hydroxypyruvate is used as a substrate; it is the only one that makes TK reaction to be irreversible. A similar spectrum is recorded if the reversiblyconverted ketose substrate (c 1 in Figure 2B ) is added and aldose product (a 1 ) is removed from the reaction mixture.
In the presence of ketose (Xul5P) and aldose (GraP) substrates, the CD band (Curve 3, Figure 2B ) occupies an intermediate position between those for E (curve 1) and EG (Curve 2, Figure 2B ). In this case, the enzyme is distributed among the four intermediate species (E, Ec 1 , EGa 1 , and EG; Figure 2A ). Increase of c 1 concentration in the reaction mixture induces transformation of the E species into Ec 1 , while an increase of a 1 concentration induces conversion of the EG species into EGa 1 .
It was found that a simultaneous increase of both Xul5P and GraP concentrations from 15 µM to 180 µM did not produce any change in the CD spectrum of the enzyme (Curve 3, Figure 2B ). The absence of change in the CD spectrum, despite the transition from E to Ec 1 and from EG to EGa 1 , signified that E had the same spectrum as the Ec 1 and the EG had the same spectrum as the EGa 1 . Therefore, the spectrum of Ec 1 coincided with the Curve 1 and EGa 1 with Curve 2. Under the conditions of excess of both substrates, when only two enzyme species (Ec 1 and EGa 1 ) would be present, they would be distributed according to the ratio of forward and reverse catalytic constants (i.e., k 2 /k -2 ) and the position of the spectral line would characterize this ratio. Specifically, at 330 nm (extremum of the negative band as shown in Figure 2B ):
where OD 330 (X) is the OD of the test enzyme solution (in our case the respective point in Curve 3 in Figure 2B ), OD 330 (Ec 1 ) corresponds to the point in the Curve 1, and OD 330 (EGa 1 ) the corresponding point in Curve 2.
Since in the case shown in Figure 2B this ratio was close to 1, k 2 = k -2 was used in all subsequent modeling. Similar analysis of the TK spectra for the other substrate pair, Sed7P and Rib5P (not shown) gave the constraint k -5 = k 5 /3. These defined ratios, when used in a regression procedure, decreased the number of unknown parameters of the system.
Considering the complete reaction, for instance when Xul5P and Rib5P are present as substrates, under conditions of excess of them both, the specific activity of the enzyme depends only on the catalytic break-down constants, k 2 and k 5 . Estimates of these values were obtained as follows: we set the ratio k 5 /k -2 equal to 1 as an initial value in regression analysis, and used the known values of k 2 /k -2 and k 5 /k -5. Then the experimentally measured rate of production of Gra3P (20 U mg -1 ) gave the value k 2 = k -2 = k 5 = 5300 min -1 and k -5 = 1770 min -1 .
The enzyme-substrate dissociation constants were estimated by fitting the time course of product accumulation as it occurred under conditions when it was most sensitive to the parameter(s) in question. The data fitting was performed using the model of TK given in Figure 2A ; the system of differential equations which was used is given on our web site ("TK-substrate.nb"). With a saturating concentration of Rib5P, and an initial concentration of Xul5P that was lower than its K m so that Xul5P binding was the ratelimiting step, the initial rate of the TK reaction depended only on the ratio k -1 /k 1 . Figure   2C shows the best fit for two experiments that involved product accumulation observed at the initial concentrations of Xul5P of 25 and 37 µM; the estimated value of k -1 /k 1 was 55 ± 7 µM.
In the above estimation we exploited the fact that the initial rate of the TK reaction, with Xul5P to be the only added ketose, does not depend on the dissociation constant of Sed7P (c 2 ) because its initial concentration is zero. As the product accumulates, the reaction of Sed7P binding becomes dependent on the value of k 6 /k -6 . The simulated time course shown in Figure 2C coincided well with the experimental one at almost any value of the dissociation constant when it exceeded 300 µM. So it was concluded that the actual value was greater than 300 µM.
When the initial concentration of Rib5P was lower than its K m value and Xul5P was saturating, the kinetics of product accumulation depended only on the dissociation constant of Rib5P. Fitting these experimental data gave an estimate of k -4 /k 4 of 270 ± 30 µM ( Figure 2D ).
The value of the ratio k 3 /k -3 was obtained by using the following relationship between the overall rate constant of the metabolic cycle, viz.,
where the equilibrium constant
[GraP]) = 0.48 (Casassa and Veech, 1986) . It gave k 3 /k -3 < 34 µM (taking k 6 /k -6 > 300 µM).
The estimated values leave only five rate constants and the enzyme concentrations to be determined by fitting the isotopomer distribution and restrict a series of TK reactions, because they share common steps, as shown in the Implementing these parameters can be found in the in the Mathematica notebook containing the main program "rib-ot.nb" on our web site.
IMPLEMENTATION AND DISCUSSION
To show the advantages of implementing the kinetic mechanisms of TK and TA reactions in the way that is described here we start from a re-analysis of the data from Selivanov et al. (2004) , which is followed by the analysis of new experimental data. The new software was used to evaluate whether an association of cell proliferation and TK activity is based on changes in metabolic fluxes obtained here as the best-fit estimates. Mass isotopomer data were obtained from the cancer cells HT29 under control conditions and after TK inhibition with oxythiamine (OT). The results and experimental conditions are given in Table 1 .
Since a good fit to the experimental data was obtained previously, the present analysis was begun with the earlier fluxes. However, implementing the dependency between fluxes showed an inconsistency in the earlier results. In particular, the data revealed that the fluxes in both of the "invisible" TA reactions (Fru6P ↔ Gra3P and Sed7P ↔ Ery4P) were almost two orders of magnitude greater than the forward and reverse fluxes in the corresponding two-substrate-two-product reactions (Fru6P ↔ Sed7P). The scheme shown in the Figure 2A makes it clear that the two "invisible" exchange reactions taken together pass through the same unitary reactions as the full two-substrate-two-product reaction does; therefore such a high rate of "invisible" reactions is inconsistent with such a low rate in the full reaction.
For TK reactions the opposite problem arose; the previously estimated "invisible" fluxes were very low in comparison with the corresponding fluxes in the full twosubstrate-two-product reaction; thus no realistic or consistent set of unitary rate constants was found.
Next we show that using kinetic-and equilibrium-constant constraints in the TK and TA reactions, as is implemented in the present software, filters out the inconsistent solutions.
Restricted by the interdependency of the fluxes via the TK and TA reactions, the program failed to fit the ribose-isotopomer data. It was impossible to increase m 1 and decrease m 2 in Rib5P, as the experimental data demanded, without a simultaneous decrease in m 0 . The first numbers in the column denoted "Control" in Table 1 show the fit of the model-simulation to the data. Although the isotopomer profile was similar it did not reproduce well the overall experimental data. Thus, instead of many solutions being compatible with the experimental data, accounting for the kinetic-and equilibriumconstant restrictions caused the opposite situation; there was no appropriate solution.
However, the computed profile of labeling was qualitatively similar to that obtained experimentally. This similarity with the difference referred mainly to the amount of unlabeled isotopomers, led to the assumption that an initial unlabeled RNAribose pool was persisting during the 72 h of incubation. This could be due to reutilization of the initially unlabeled nucleotides in subsequent generations of cells.
Assuming this reutilization we used the program to fit this portion of the unlabeled part and it gave a good fit with χ 2 =0.139. The best-fit value (Table 1, the column "Control", third values) of 17% non-exchangeable and non-labeled ribose in the final amount of RNA is close to the expected amount contained in the initial cell population. Note that the cells underwent ~3 cell-cycles during the incubation. Overall, the analysis supported the hypothesis that practically all the nucleotides, once synthesized, are not degraded but are reused in RNA synthesis.
Partial inhibition of TK (to 25% of that in the controls) involved incubating HT29 cells with oxythiamine, resulted in the mass isotopomer distribution given in Table   1 (column "OT"). To simulate this experiment, respective changes of TK activity in the model was made; the best-fit of the persistent unlabeled part was in this case ~twice higher than in the control, 29%, which corresponded to the observed decrease of cell accumulation. Moreover, this change simulated the measured profile of isotopomers, which also validated the model. This was in contrast to data fitting that was achieved without accounting for the rate-constant restrictions in the TK and TA reactions.
The fluxes, giving the shown label distributions in both conditions are also present in the Table 1 . Despite the fact that the maximal TK activity was decreased for OT-inhibited cells proportionally for all TK-reactions, the profile of changes in real fluxes was not uniform; some fluxes changed proportionally, others remained practically the same or even increased due to respective changes in the metabolite concentrations. Therefore complex changes in metabolic fluxes in response to a change in one of the enzymes justify application of a complex analytical tool; it would definitely be impossible to predict the effect of inhibition without such an analysis.
The most natural way to connect the experimentally observed TK-dependent inhibition of cell proliferation with the main TK function in the PPP would be through the Rib5P concentration. R5P is produced in this pathway and is used for RNA and DNA synthesis. However, as is shown in the last row of the Table 1, inhibition of TK leads to an increase, and not a decrease in Rib5P concentration. Thus, if the analysis is correct, it suggests that biochemists should search for other ways in which TK participates in cell proliferation.
Though determined as described above, the K d values for TK substrates were used simply as initial values and were free to change in the fitting procedure. The fitting procedure left them practically unchanged, giving them the following 99% confidence intervals. However, the fitted values were different from those defined from the analysis of human erythrocyte enzymes (Mulquiney and Kuchel, 2003) Coy et al (1996) , who also suggested association between some pathologies and possible isoforms of TK.
CONCLUSIONS
The software described here constitutes a new tool for the analysis of isotopomer distributions in metabolic systems measured using GC/MS or NMR. Its novelty resides in the integration of "classical" steady-state enzyme kinetic data with isotopomer analysis, The present analytic tool can be easily expanded to enable analysis of more complex metabolic systems in living cells. For example, the first step in such an expansion has already been taken; the C++ program for the analysis of glycolysis, the PPP with the Usmanov,R.A., and Kochetov,G.A. (1983) Several new reactions are added to the pathway considered in (Selivanov et al, 2004) :
exchange between intracellular Glc6P and extracellular glucose, dependent on the parameters 1 and 21; exchange between the intracellular trioses and outside lactate, dependent on the parameters 7 and 8; efflux of GraP to the Krebs cycle (10), glycogen production (9) and influx of the medium fructose through the pool of trioses (11). The number of reactions corresponds to the number of parameter designed for fitting respective Vmax. The rate equations for all the reactions could be found in the Mathematica notebook, presented in the web site. Transketolase was homogenous by SDS-Na-electrophoresis; its specific activity was 20 U/mg. (E), a table summarizing the determined ratios of unitary rate constants. k -1 /k1 k2/k-2 k -3 /k 3 k 4 /k -4 k 5 /k -5 k 6 /k -6 55±7µM 1 < 34 µM 270±30 µM 3 >300 µM
TABLES

